APOPTOSIS IS A TIGHTLY regulated, cell deletion process known to play an important role in various cardiovascular diseases, such as myocardial infarction, reperfusion injury, and the development of heart failure (15, 19) . Although the caspases, a family of cysteine proteases, have been thought of as the critical enzymes in the induction and execution of apoptosis, there is accumulating evidence to suggest that caspase-independent pathways play a significant role in cardiac cell death (3) . The potential importance of caspase-independent pathways in the heart is highlighted by the fact that cardiomyocytes contain high levels of endogenous caspase inhibitors, which render them relatively resistant to caspase-dependent apoptosis (20) . Although some studies have shown that caspase inhibition reduces the acute loss of myocardium in various animal models (17, 38) , other studies indicate that caspase inhibition might not be able to completely inhibit apoptosis (7, 25) .
Because of its potentially significant contribution to cell death in the heart, it is important to define the role of the caspase-independent pathway in cardiac apoptosis more fully. The best studied example of caspase-independent apoptosis involves apoptosis-inducing factor (AIF) (5, 8, 9, 28, 34) . AIF is an NADH-oxidase produced as a 67-kDa protein containing an NH 2 -terminal mitochondrial localization signal sequence (28, 34) . It is processed into a 57-kDa mature form by calpain in mitochondria, released into the cytosol in response to apoptotic stimulation, and is able to translocate into the nucleus and induce DNA fragmentation without caspase activation (20) . This sequence of events is supported by evidence that AIF microinjected into cells can induce apoptotic changes, such as chromatin condensation, that cannot be blocked by caspase inhibition alone, as, for instance, by zVAD.fmk or the overexpression of Bcl-2 (5, 20, 28) . Furthermore, AIF can trigger DNA fragmentation in apoptotic protease-activating factor-1 and caspase-9-deficient cells (5) , an effect that is probably mediated through the direct activation of caspase-3 (16) by AIF. In the heart, AIF has been implicated in apoptosis induced by oxidative stress and heart failure (6, 32) . Its mature form is released, together with cytochrome c, from mitochondria to the cytosol in ischemic neonatal cardiomyocytes characterized by caspase-independent DNA degradation (4). Several studies have shown that AIF is regulated by poly(ADP-ribose) polymerase-1 (PARP-1), a highly conserved 116-kDa nuclear enzyme, involved in DNA repair (40) . PARP-1 facilitates both the release of AIF from mitochondria and AIF nuclear translocation without the mediation of Bcl-2 proteins and caspase activation (1, 13, 29, 40) .
In the present study, we used ␣-myosin heavy chain (␣-MHC) promotor to generate transgenic (Tg) mice with cardiacspecific expression of cytokine response modifier A (CrmA), a known inhibitor of caspases (10, 30, 41) , to determine whether caspase-independent apoptosis is activated in the setting of caspase inhibition in vivo. Using acute doxorubicin (Dox)-induced cardiomyopathy with significant cardiac apoptosis (26, 31) , we sought to define the contribution of caspase-independent apoptosis and to investigate its role in the development of heart failure by administering 4-amino-1,8-naphthalimide (4-AN), a potent (PARP-1) inhibitor.
MATERIALS AND METHODS

Generation of CrmA Tg mice.
A schematic diagram of the construct used to generate Tg mice is shown in Fig. 1A . Cardiac-specific expression was achieved using ␣-MHC promoter. The genotypes of CrmA Tg mice were identified by polymerase chain reaction (PCR) with PCR primers as follows: forward MHC, 5=-CGGTGTAAAA-GAGGCAGGGAAG-3=; and reverse MHC, 5=-ACTGACGAGATT-GACGGTGGAG-3=. CrmA Tg mice were identified by the appearance of a 525-bp band (Fig. 1B) (18, 23) . Control mice were treated intraperitoneally with an equal volume of vehicle, and all animals were observed daily for signs of heart failure. To determine the effect of PARP inhibition, WT and CrmA mice were treated daily with PARP-1 inhibitor 4-AN (3 mg·kg Ϫ1 ·day Ϫ1 ip; Biomol, Plymouth Meeting, PA) starting 1 day before the Dox injection.
Hemodynamic measurements. Baseline cardiac function was analyzed using echocardiography. For cardiac functional analysis 10 days after Dox injection, which is just before the time point at which the most significant Dox-induced mortality is observed, we used the left ventricular (LV) pressure-volume loop measurement. This method uniquely provides measures of LV performance that are more specific to the heart and less affected by vascular loading conditions (27) , which may be particularly important in our acute heart failure model. Pressure-volume parameters were measured under isoflurane (2%) inhalant anesthesia using a 1.4-Fr microtip pressure-volume catheter (Scisense, Ontario, Canada), inserted into the right common carotid artery and advanced into the left ventricle. Data were recorded using a PowerLab system (ADInstruments, Colorado Springs, CO). Beatby-beat pressure-volume parameters including stroke work, cardiac output, preload, afterload, and contractility were measured and analyzed using CardioSoft Pro software (CardioSoft, Houston, TX).
Biochemical and histological analyses. Western immunoblot analyses, the assays for caspase-3, -8, and -9, and terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining and immunohistochemistry for AIF were preformed as described previously (11, 14, 32) . More detailed descriptions of the analyses are outlined in the supplemental information that may be found posted with the online version of this article.
Statistical analyses. All data are expressed as means Ϯ SE. Statistical analyses between two groups were performed with unpaired Student t-tests. To test the significance of hemodynamic changes, we conducted two-way ANOVAs followed by Bonferroni post hoc analysis using GraphPad Prism 5.0 (San Diego, CA). Survival rates after Dox were analyzed with the Wilcoxon test or log-rank test. P values of Ͻ0.05 were considered significant.
RESULTS
Improvement in early, but not late, survival in
CrmA Tg mice after Dox administration. CrmA Tg mice showed cardiacspecific expression of CrmA as determined by protein expression (Fig. 1, C and D) but no morphological or echocardiographic differences from WT mice at baseline (supplemental representative Western immunoblot analysis of heart tissues from WT and CrmA Tg mice hearts. E: 12-day survival curves for WT and CrmA Tg mice after Dox (20 mg/kg) or vehicle (Veh) injection; n ϭ 6 mice/group (Veh) and 21/group (Dox). The early term survival of WT/Dox mice was significantly less than CrmA/Dox mice (at day 6, P Ͻ0.05 by Wilcoxon's test), but the Dox groups did not differ at day 12. hGH, human growth hormone; P, Pvul; E, EcoR1; polyA, polyandenylation; NS, not significant. Tables 1 and 2 ). Initially, to determine whether the cardiacspecific inhibition of caspase has an effect on mortality, Dox, which has been shown to induce acute cardiac dysfunction and death associated with the activation of cardiac apoptosis, was injected into WT and CrmA Tg mice. We compared four groups of mice: 1) WT ϩ vehicle, 2) WT ϩ Dox, 3) CrmA Tg ϩ vehicle, and 4) CrmA Tg ϩ Dox. As expected, there were no deaths associated with vehicle injection (Fig. 1E ), but Dox caused a significant increase in mortality in both WT and CrmA Tg mice. The increase in mortality was not uniform, however. Six days after Dox injection, survival was significantly greater in CrmA Tg (81%) compared with WT (38%) mice (Fig. 1E) . Furthermore, at 12 days, CrmA Tg mice no longer displayed a relative survival benefit (5% CrmA Tg vs. 10% WT, P ϭ not significant).
We also measured cardiac function using the LV pressurevolume loop 5 and 10 days after Dox or control vehicle injection. Since changes in molecular and hemodynamic parameters precede changes in mortality, the hemodynamic and molecular analyses performed at 5 and 10 days correspond to the mortality findings at 6 days, where the peak mortality difference is found, and at 12 days. Although baseline cardiac function in untreated WT and CrmA Tg mice was similar (supplemental Table 2 ), a significant decrease in cardiac function was evident in WT, but not CrmA Tg, mice 5 days after Dox treatment (Table 1) . However, after 10 days, there was no longer any difference between WT and CrmA Tg mice, and both groups showed a significant and similar decrease in cardiac function compared with controls (Table 2 ). This finding suggests that the early survival benefit in CrmA Tg mice noted at 6 days was associated with less severe cardiac dysfunction measured a day earlier. However, after 10 days, WT and CrmA Tg mice showed similar degrees of Dox-induced cardiac dysfunction and correspondingly similar mortality. The survival benefit associated with the cardiac-specific expression of the caspase inhibitor CrmA thus appears to be associated with the earlier, rather than the later, stages of Dox-induced cardiomyopathy.
Delayed activation of AIF in CrmA Tg mice after Dox injection. To determine the mechanisms that might contribute to the mortality differences in WT and CrmA Tg mice after Dox injection, we harvested hearts at 5 and 10 days for molecular, biochemical, and histological analyses. To confirm that CrmA overexpression resulted in the inhibition of caspase activation, we measured the activities of caspase-3, -8, and -9 in heart lysates from WT and CrmA Tg mice after Dox and vehicle injection. We found that Dox induced a significant activation of caspase-3, -8, and -9 activities in WT mice compared with vehicle at both 5 and 10 days (Fig. 2, A-C) . In contrast, in CrmA Tg mouse hearts, caspase-3, -8, and -9 activities were nearly completely inhibited at 5 and 10 days after Dox injection. We also confirmed caspase inhibition in CrmA Tg mouse hearts by measuring the cleavage of the inhibitor of caspase-activated DNase (ICAD). We found significant ICAD cleavage in WT mouse hearts after Dox injection. In contrast, ICAD cleavage was completely attenuated both at 5 and 10 days after Dox injection in CrmA Tg mouse hearts (Fig. 2D) .
To determine whether caspase inhibition in CrmA Tg mice inhibits cardiac apoptosis, we next assessed cardiac apoptosis using TUNEL staining. Dox significantly increased TUNELpositive cardiomyocytes at both 5 and 10 days in both WT and CrmA Tg mice compared with vehicle-injected mice (Fig. 2E) . However, there were significantly fewer TUNEL-positive cells in CrmA Tg than WT mice 5 days after Dox injection. This early protection against apoptosis in the CrmA Tg group, however, was no longer evident 10 days after Dox injection, suggesting that a significant increase in cardiac apoptosis occurred in response to Dox despite a complete inhibition of caspase (Fig. 2E) .
Significant cardiac apoptosis in the absence of caspase activation in CrmA Tg heart raises the possibility of increased activity in alternative, caspase-independent apoptotic pathways. We therefore examined the activation of AIF-induced apoptosis. AIF translocation from mitochondria is an early hallmark of AIF activation. WT mice showed no significant increase in the release of AIF from mitochondria to the cytosol 5 days after Dox injection (Fig. 3, A and B) . In contrast, a significant release of AIF in CrmA Tg mice at 5 days suggested an early activation of AIF. Ten days after Dox injection, there was significant release of AIF in both WT (P Ͻ 0.05 vs. vehicle) and CrmA Tg (P Ͻ 0.05 vs. vehicle and 5-day Dox) mice but AIF release in CrmA Tg was significantly greater at 64% than in WT mice. This finding suggests that an activation of AIF may play a role in the late stage of Dox-induced cardiomyopathy and that this event may explain the loss of the early survival benefit conferred by caspase inhibition.
PARP-1 inhibition significantly improved mortality by inhibiting AIF-induced apoptosis.
We next sought to determine whether we could improve the survival in Dox-induced cardiomyopathy by inhibiting AIF-induced apoptosis. PARP-1 has been shown to regulate AIF, including its translocation from the mitochondria to the nucleus (29, 40) . To inhibit AIF, the mice were thus treated daily with a potent inhibitor of PARP-1 activation, 4-AN, starting 1 day before Dox injection using the following groups: 1) WT ϩ Dox ϩ vehicle, 2) WT ϩ Dox ϩ 4-AN, 3) CrmA Tg ϩ Dox ϩ vehicle, and 4) CrmA Tg ϩ Dox ϩ 4-AN. We found that Dox significantly increased PARP-1 activity in both WT and Tg mice 10 days after injection and, as expected, that 4-AN effectively reduced PARP-1 activation by Dox to the baseline level in both WT and CrmA Tg mice hearts (Fig. 4A ). Caspase-3 activity was not significantly inhibited by 4-AN alone (Fig. 4B) . To determine Fig. 3 . Apoptosis-inducing factor (AIF) release in Dox-induced cardiomyopathy in WT and CrmA Tg mice. A: representative Western immunoblots of AIF in the mitochondria-free cytosolic fraction and total AIF in WT and CrmA Tg mice 5 and 10 days after Dox injection. Individual representative images are identified by a line between images. The purity of the cytosolic proteins (CPs) was examined by immunoblots of (cytosolic specific) GAPDH and (mitochondrial specific) cytochrome-c oxidase subunit IV (COX IV). B: quantification of cytosolic protein content of AIF. *P Ͻ 0.05; n ϭ 4 mice. whether pretreatment with 4-AN attenuates AIF-induced apoptosis, we next examined AIF translocation from the mitochondria to the cytosol. We found that 4-AN significantly blocked Dox-induced AIF translocation in both WT and CrmA Tg mouse hearts (Fig. 4, C and D) . We also observed significant AIF translocation to the nucleus after Dox injection in both WT and CrmA Tg mouse hearts, which were blocked by 4-AN (Fig. 4E) . These findings suggest that PARP-1 inhibition effectively blocks Dox-induced PARP-1 activation as well as AIF translocation.
We next examined the question of whether inhibiting AIF translocation via PARP-1 inhibition affects the rate of Doxinduced cardiac apoptosis. Vehicle treatment was associated with very low levels of baseline cardiac apoptosis (Ͻ0.1%) in both WT and CrmA Tg mice hearts (Fig. 5, A and B) . Ten days after Dox injection, the number of TUNEL-positive cardiomyocytes was significantly increased in both WT and CrmA Tg groups, but the increase was significantly smaller after 4-AN treatment in both WT (6.8 Ϯ 1.6%) and CrmA Tg (5.6 Ϯ 1.0%) compared with untreated hearts. Consistent with these results, we also found that treatment with 4-AN significantly mitigated the Dox-induced impairment of cardiac function in both groups (Table 1) . PARP-1 inhibitor alone did not exert any significant effect on hemodynamic parameters in vehicle mice. These findings suggest that the attenuation of AIF activation by PARP inhibition significantly reduced cardiac apoptosis and improved cardiac function in Dox-induced cardiomyopathy.
Finally, to determine whether the inhibition of AIF-induced apoptosis by 4-AN translates into improved survival in mice treated with Dox, we determined the survival rates for both WT and CrmA Tg mice after Dox injection with or without 4-AN. In this experiment, there were a 55% and 75% survival rate 6 days after Dox injection and an 18% and 13% survival rate 12 days after Dox injection in WT and CrmA Tg mice, respectively. We found that pretreatment with 4-AN significantly improved the survival in both WT (89% vs. 18%) and CrmA Tg (93% vs. 13%) mice compared with those without 4-AN 12 days after Dox injection (Fig. 6) . Both WT and CrmA Tg mice showed a significant benefit, suggesting that the inhibition of AIF activation by 4-AN may plays an essential role in protecting against Dox-induced cardiac dysfunction.
DISCUSSION
In this study, we showed a significant activation of caspaseindependent apoptosis in Dox-induced cardiomyopathy in Tg mice with cardiac-specific caspase inhibition via overexpression of CrmA. CrmA Tg mice showed an initial survival benefit associated with the inhibition of caspase activation in response to Dox-induced acute heart failure compared with WT littermates. However, there was a delayed but significant activation of AIF-induced, caspase-independent apoptosis, and the overall mortality rate was ultimately similar to WT mice. Treatment with 4-AN, a potent PARP inhibitor, significantly decreased AIF-induced apoptosis, improved cardiac function, and increased survival in both CrmA Tg and WT mice compared with those without 4-AN after Dox injection. We conclude that caspase-dependent apoptosis plays an important role in WT mice at 5 days, since there was both a significant increase in apoptosis and activation of caspases, compared with CrmA Tg mice, which showed no significant apoptosis at 5 days and no caspase activation. Nevertheless, caspase-independent apoptosis likely contributes significantly to Dox-induced cardiomyopathy even in WT mice, since treatment with 4-AN, a potent PARP inhibitor, significantly decreased AIFinduced apoptosis, improved cardiac dysfunction, and increased survival in both CrmA Tg and WT mice compared with those without 4-AN after Dox injection. These novel findings suggest the potentially significant role of caspaseindependent apoptosis in the development of heart failure in this model.
Caspase inhibition has been shown to reduce the acute loss of myocardium in various animal models (17, 38) . However, other studies indicate that caspase inhibition alone might not be sufficient to eliminate apoptosis completely (25) . Several studies have shown that even in the presence of complete caspase inhibition, such as pharmacological caspase inhibition by zVAD.fmk, nuclear DNA fragmentation was present and significant tissue damage was still observed (12, 40) . It thus appears that caspase-independent pathways, such as those mediated by PARP-1/AIF, may play an important role in the induction of apoptosis and contribute significantly to apoptotic cell death in the heart. In this study, we showed that caspase inhibition using CrmA successfully blocked caspase-3, -8, and -9 activation in CrmA Tg mice after Dox exposure, suggesting that this is an effective strategy for inhibiting caspase activation in a cardiac-specific manner in vivo. However, the initial improvement in survival was followed by a delayed but exaggerated increase in mortality, which negated the initial benefit of caspase inhibition by CrmA overexpression.
AIF and cytochrome c are important for cell viability when they are located in mitochondria, but when released from mitochondria, they both activate apoptotic programs. Our current findings suggest, however, that caspase-dependent and -independent apoptosis have different and distinct time courses. Although we observed an initial survival benefit after 6 days in response to acute heart failure induced by Dox in CrmA Tg mice compared with WT littermates, by 12 days after Dox injection the CrmA Tg survival rate had fallen to the WT level and the overall mortality rate was ultimately similar to that of WT mice. In addition, at 10 days after Dox injection, there was a significant release of AIF in both WT and CrmA Tg hearts without a change in total AIF. These findings also support the notion that in the setting of caspase inhibition, caspase-independent apoptosis, such as AIF-induced apoptosis, is activated. Indeed, numerous studies have reported that the mitochondrial release of AIF takes place downstream of cytochrome c release and is further enhanced in the setting of caspase inhibition (2, 21, 35) .
PARP-1 is a highly conserved, 116-kDa nuclear enzyme involved in DNA repair (29, 40) that has been shown to facilitate both the release of AIF from mitochondria and AIF nuclear translocation (1, 13, 29, 40) . After translocating to the nucleus, AIF mediates large-scale DNA fragmentations by enhancing the activity of endonuclasese G (21, 36) . In the present studies, we demonstrated that PARP-1 inhibition significantly attenuates the Dox-induced AIF release from mitochondria in both WT and CrmA Tg mice. This result further supports the idea that PARP-1 activation is most likely the main mechanism of AIF activation and that AIF may be an essential downstream effector in the cell death program initiated by PARP-1. In fact, PARP-1/AIF activation may also play an important role in the induction of apoptosis in WT mice with Dox-induced heart failure. Since apoptosis is a highly orchestrated process involving multiple pathways, we cannot exclude the possibility that PARP-1 inhibition may be involved in caspase-dependent as well as caspase-independent pathways. Other investigators have shown that in a murine model of heart failure, PARP inhibition attenuates the development of hypertrophy and the mitochondrial-to-nuclear translocation of AIF. Molnar et al. (22) have demonstrated an activation of PARP-1 in the failing heart by showing an increased abundance of poly-ADP-ribosylated proteins (22) . In a mouse model of heart failure induced by transverse aortic banding, the extent of the mitochondrial-to-nuclear translocation of AIF was reduced by the inhibition of PARP-1 activation, through the use of either isoindolinone-based PARP inhibitor (INO-1001) or PARP-1 genetic-deficient mice (37) . The mechanism responsible for the PARP-1-dependent release of AIF from mitochondria remains to be identified, but it has been proposed that the cell death pathway initiated by PARP-1 activation may be mediated by AIF (40) .
In the present study, we used a well-established mouse model of Dox-induced acute heart failure that shows a good correlation between the degree of myocardial apoptosis and the severity of Dox-induced heart failure (24) . Dox-induced cardiomyopathy was chosen to test our hypothesis in an in vivo animal model of cardiac apoptosis during the progression of heart failure because apoptotic cell death is a key component in Dox-induced cardiotoxicity (26, 31) . Although death associated with the administration of Dox in experimental animals may be multifactorial, cardiomyopathy is the most important cause of mortality after Dox injection (26, 39) . Our results suggest that by inhibiting apoptosis, we may be able to significantly improve cardiac function and mortality in this model. Studies suggest that Dox induces caspase-independent as well as caspase-dependent apoptosis and showed that apoptosis is initiated via both caspase-3 activation and AIF nuclear translocation by mitochondrial damage after Dox exposure (33, 39) . While further studies are needed to determine whether caspaseindependent apoptosis plays a significant role in other models of cardiomyopathy, such as myocardial infarction, current studies suggest that the caspase-independent apoptotic route is also involved in the death of cardiomyocytes by Dox.
While the inhibition of apoptosis promises to be an important target for therapeutic intervention, better defining the significance of specific apoptotic mechanisms will be critical in understanding how the myocardium is lost during heart failure. Our findings provide further clarification of the role of caspaseindependent apoptosis in the heart and contribute to a better understanding of the molecular mechanisms that are involved in AIF-induced cardiac apoptosis.
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